Purpose: Multiwalled carbon nanotubes (MWCNTs) have been known to enter the circulatory system via the lungs from inhalation exposure; however, its carcinogenicity and subsequent accumulation in other organs have not been adequately reported in the literature. Moreover, the safety of MWCNTs as a biomaterial has remained a matter of debate, particularly when the material enters the circulatory system. To address these problems, we used carcinogenic rasH2 transgenic mice to intravenously administer highly dispersed MWCNTs and to evaluate their carcinogenicity and accumulation in the organs. Methods: Two types of MWCNTs (thin-and thick-MWCNTs) were intravenously administered at a high dose (approximately 0.7 mg per kg body weight) and low dose (approximately 0.07 mg per kg body weight). Results: MWCNTs showed pancreatic accumulation in 3.2% of mice administered with MWCNTs, but there was no accumulation in other organs. In addition, there was no significant difference in the incidence of tumor among the four MWCNTs-administered groups compared to the vehicle group without MWCNTs administration. Blood tests revealed elevated levels in mean red blood cell volume and mean red blood cell hemoglobin level for the MWCNTs-administered group, in addition to an increase in eotaxin.
Introduction
Although multiwalled carbon nanotubes (MWCNTs) are used in various products for their mechanical and electrical properties, 1,2 these materials have been problematized for their fibrous nanoparticle structure. 3 As a result, numerous safety assessments have since been conducted internationally. 4 Safety concerns have been placed on some of the thickest and longest MWCNTs in recent years; 5, 6 however, MWCNTs have been increasingly reported as safe biomaterials, provided that the extent of inhalation exposure does not reach critical levels. [7] [8] [9] [10] The results of these safety assessments have mainly reported on the lung carcinogenicity of the biomaterial and were intended to prevent lung cancer in those exposed to asbestos.
It is clear from reports in the literature that inhaled MWCNTs can translocate to the circulatory system. 11, 12 However, the in vivo kinetics of MWCNTs remains largely unknown, and the safety assessment for the translocation of inhaled MWCNTs from the circulatory system to other organs is an important and understudied subject that would benefit from further research. 13 The application of MWCNTs as a biomaterial has become increasingly popular and internationally competitive as a field of research.
14 Various studies on drug delivery systems (DDS), imaging, scaffolds for regenerative medicine, and composite reinforcement materials have been conducted, wherein the delivery is performed via localized implantation or intravenous administration. [15] [16] [17] [18] [19] [20] Although the application of MWCNTs as a biomaterial has not yet reached clinical use due to the lack of available data to support its safety, the most important issue at hand is whether or not the organ accumulation of MWCNTs within the circulatory system can induce cancer. 21 Because studies that utilize DDS and imaging for cancer treatment are common, MWCNTs tend to be intravenously injected by which the amount entering the circulatory system is much greater than that of inhalation exposure or implantation. [22] [23] [24] There have been numerous reports that have investigated the in vivo kinetics of MWCNTs in the circulatory system of normal mice, and various reports have shown that MWCNTs accumulate in organs such as the liver, spleen, pancreas, lung, and kidney. 25, 26 According to these reports, no carcinogenicity was found in any organs, regardless of organ accumulation. 27 However, MWCNTs are consistently under considerable social scrutiny for their carcinogenicity, as one animal study has demonstrated tumor formation under intraperitoneal administration; 28 thus, further assessments under strict conditions are recommended. We intravenously administered MWCNTs in carcinogenic rasH2 transgenic mouse models and performed weekly assessments on their debilitation/death and body weight. Furthermore, the mice were euthanized at 26 weeks after final evaluation, and tissue evaluations were performed for all prescribed organs for the presence of MWCNTs and evidence of tumors. 29 Thin-MWCNTs and thick-MWCNTs under evaluation were intravenously administered using the most current and advanced technology for dispersion, including the use of dispersion liquid and ultrasonic dispersion machine. 30 This study is the first to report the organ accumulation of highly-dispersed MWCNTs in the circulatory system and the use of a transgenic mouse model to assess carcinogenicity under the severest of conditions.
Materials and methods MWCNTs
Flotube 9110 (CNano Technology, Santa Clara, USA) and MWNT7 (Hodogaya Chemical, Tokyo, Japan) were used as thin-MWCNTs and thick-MWCNTs, respectively. ThinMWCNTs had a mean diameter of 10-15 nm, length of 10 μm, and carbon purity of over 99.8%. The residual metallic impurities reported by the manufacturer were as follows: Fe, <50 ppm; Cr, <10 ppm; Co, <10 ppm; Ni, <10 ppm; Cu, <10 ppm; Zn, <10 ppm. Thick-MWCNTs had a mean diameter of 60 nm, length of 10 μm, and carbon purity of over 99.5%. The residual metallic impurities reported by Takaya et al 31 were found to contain 4400 ppm Fe, 48 ppm Cr, and 17 ppm Ni. The thinMWCNTs and thick-MWCNTs were both observed under a transmission electron microscope (TEM) (JEM-2100; JEOL, Tokyo, Japan).
High dispersion liquids for MWCNTs
For dispersion, polysorbate 80 (Nichiyu, Tokyo, Japan) was diluted to 0.1% with Dulbecco's phosphate-buffered saline (DPBS) without Ca and Mg (Nakalai Tesque, Kyoto, Japan). We reported in 2018 that this dispersion liquid is an optimal solution for the dispersion of MWCNTs. 30 MWCNTs were sterilized in an autoclave at 121°C for 15 mins and subsequently suspended in a dispersion liquid with a Nano Premixer PR-1 ultrasonic dispersion machine (Thinky, Tokyo, Japan). The dispersion characteristics of the thin-MWCNTs and thickMWCNTs were evaluated using the Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK).
Animal experimentation
Seven-week old male transgenic CBYB6F1-Tg(HRAS) 2Jic mouse models (rasH2 mouse) (CLEA Japan, Tokyo, Japan) were used for animal experiments. All animal experimentation procedures were approved and carried out in compliance with the guidelines of the institutional animal care committee of Shinshu University.
MWCNTs groups and their negative control
The volume of the intravenously injected solution was 50 μl. The mass (concentration) of thin-MWCNTs and thick-MWCNTs were 0.02 mg (0.4 mg/ml) in the highdose group and 0.002 mg (0.04 mg/ml) in the low-dose group. This concentration corresponds to approximately 0.7 mg and 0.07 mg per kg body weight, respectively. Four groups consisting of low-and high-doses in each of the two MWCNTs groups were administered in rasH2 mice, in addition to a negative control that was administered with polysorbate 80 alone (vehicle group) for a total of five groups. There were 16 animals in the thickMWCNTs (low-dose) and thick-MWCNTs (high-dose) groups, while the other three groups included 15 animals for a total of 77 animals.
Method of intravenous administration in rasH2 mouse models
The rasH2 mice were sedated with inhaled anesthetics at 2.0 ml/min with 3.0% isoflurane (Abbott Japan, Tokyo, Japan). A 5 mm skin incision was made in the right cervix of rasH2 mice, and the sternocephalic muscle was identified to be subsequently displaced to the median side. The right external jugular vein between the sternocephalic and cleidbrachial muscles was identified to apply tension with traction to the sternocephalic muscle towards the cranial side. Under this condition, 50 μl of solution was injected with a syringe using a 32 G needle ( Figure S1 ). After the injection, pressure was applied with a gauze and the skin was then sutured with a 5-0 nylon thread.
Follow-up of the rasH2 mouse models
Death and/or debilitation of the rasH2 mice were followed up every week, and the body weight was measured for all mice. Debilitated rasH2 mice were euthanized by inhalation of isoflurane anesthesia. Mice were dissected at the time of death or euthanization as described below.
Dissection of rasH2 mouse models
Mice that survived 26 weeks after injection were euthanized by inhalation of isoflurane anesthesia. The brain, tongue, esophagus, trachea, thyroid, thymus, heart, lung, liver, kidney, spleen, stomach, small intestine, large intestine, testis, and epididymis were prepared according to the provision of the Central Institute for Experimental Animals (CIEA) (Kanagawa, Japan), an independent organization that promotes the development of quality humanized animals. Organs with macroscopically observed abnormalities were removed and fixed with 20% neutral buffered formalin solution (Wako Pure Chemical Industries, Osaka, Japan). Tissue specimens were also prepared under the CIEA guidelines. Each organ was cleaved according to the CIEA tissue assessment guidelines for rasH2 model mouse, and one hematoxylin and eosin stained tissue specimen was prepared per organ. Similarly, according to the provisions of CIEA, histological evaluation was performed with an optical microscope BX-50F (Olympus, Tokyo, Japan) to assess the presence of tumors. Moreover, the presence or absence of CNTs was confirmed with optical, fluorescence, and polarization microscopy using the same tissue sample.
Blood examination
Blood was collected from the heart of all rasH2 mice at the time of dissection, and no blood was collected from mice that were found dead. The collected blood was measured for blood count with pocH100iV (Sysmex, Hyogo, Japan). Measurement of cytokines in plasma was performed with a Bio-Plex MAGPIX system (Bio Rad, Hercules, USA) using a Bio-Plex Pro mouse cytokine GI 23-Plex panel kit (Bio Rad, Hercules, USA) and analyzed with Bio-Plex Manager™ 6.1 software (Bio Rad, Hercules, USA). The blood count for white blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), hematocrit (HCT), mean red blood cell volume (MCV), mean red blood cell hemoglobin level (MCH), mean red blood cell hemoglobin concentration (MCHC), and platelet (PLT) were measured.
Cytokine measurements included IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17A, eotaxin, G-CSF, GM-CSF, IFN-γ, KC, MCP-1, MIP-1a, MIP-1b, RANTES, and TNF-α.
Statistical analysis
For statistical analysis of tumorigenesis, a significance test was conducted with the Fisher's exact test. Statistical analyses of blood examinations were performed by a one-way analysis of variance and multiple comparison test (Tukey-Kramer). A P-value less than 0.05 was considered statistically significant.
Ethics
All animal experiments were performed after receiving approval by the ethics committee of Shinshu University in accordance with the Shinshu University Animal Use and Care Rules.
Results

Morphology and dispersibility of MWCNTs
SEM imaging revealed that thin MWCNTs were curly and thick MWCNTs were straight ( Figure 1A ). Figure 1B shows the dispersibility of the thin-MWCNTs and thick-MWCNTs solutions. We found that both show particle sizes that are similar to that of a single MWCNT and are highly dispersed.
Oncogenesis of rasH2 mice
Six mice were euthanized due to death or debilitation prior to 26 weeks postoperatively (Figure 2A ). At 5 weeks postoperatively, one animal in the thin-MWCNTs group (highdose) died, and a tumor was confirmed in the spleen. At 7 weeks, one animal in the thin-MWCNTs group (lowdose) died, and a tumor was found in the spleen. At 12 weeks, one animal in the vehicle group was debilitated, and a stomach tumor was confirmed. At 19 weeks, an animal in the thin-MWCNTs group (low-dose) was debilitated, and a tumor of the thymus was observed. One debilitated animal in the thick-MWCNTs group (lowdose) exhibited a stomach tumor at 21 weeks. Finally, one animal in the vehicle group died at 25 weeks, and a lung tumor was observed. Other mice survived up to 26 weeks. Changes in the mean body weight for all groups are shown in Figure 2B , but there was no significant difference between groups.
The presence or absence of tumor occurrence at final observation is shown in Table 1 . Tumor occurrence was most frequently observed in the lungs for all groups at 15 of 77 (19.5%) animals, but there was no significant difference between groups. One case in the vehicle group developed mesothelioma that was thought to originate from the pleura ( Figure 3A and B), but all other cases were adenomas ( Figure 3C and D). Although we checked for the presence of thin-and thick-MWCNTs in cases with tumors that occurred in the lungs, we found no evidence of MWCNTs. The lung is the most common site of tumor occurrence in rasH2 mice, and we believe that these cases were spontaneous in onset, including those in the MWCNTs groups. 32, 33 The next common site of tumor occurrence was the spleen, and a tumor was found in a group other than the thick-MWCNTs group (high-dose). Like the lungs, there were no significant differences between the groups in the spleen. A tumor was also found in the stomach of an animal in the vehicle and thick-MWCNTs (low-dose) groups, respectively, and in the perineum of an animal in the thin-MWCNTs (lowdose) and thick-MWCNTs (high-dose) groups, respectively. There were no significant differences between groups in the stomach and perineum. Although we observed whether MWCNTs were present at the site where these tumors occurred, none were found at any of the sites. In terms of statistical analysis, there were no significant differences in the number of tumor occurrence in each organ of all groups that were administered under two different dosages for two types of MWCNTs as compared with the vehicle group.
Organ accumulation of MWCNTs
For the pancreas, there were two animals in the thinMWCNTs group (high-dose), and MWCNTs deposition was observed from their appearance at the time of dissection. Thus, although the pancreas is an organ that is not For thick-MWCNTs, the mean diameter, length, and morphology were 60 nm, 10 µm, and straight, respectively. (B) The particle diameter of the thin-MWCNTs and thickMWCNTs solutions were both similar to a single MWCNTs and were highly dispersed. Abbreviation: MWCNTs, multiwalled carbon nanotubes.
included in the CIEA guideline, a tissue specimen was prepared and evaluated. However, there was no tumor formation despite the deposition of MWCNTs that was observed in both animals ( Figure 4 ). Because MWCNTs had accumulated in the pancreas of both animals, a pancreatic tissue specimen was prepared and observed for all of the other rasH2 mice, but no deposition of MWCNTs was observed. No deposition of thin-or thickMWCNTs were observed in the tissue specimens of other organs for all mice. 
Blood count measurements
Blood count measurements are shown in Figure 5 . There were no significant differences between the WBC, RBC, Hb, HCT, MCHC, and PLT groups. However, in comparing the MCV with the vehicle group, the low-dose thin-MWCNTs (42 
Cytokine measurements
In terms of cytokine measurements, a significant difference was only found in the eotaxin levels ( Figure 6 ). 
0321).
There was no significant difference in cytokine measurements in other groups.
Discussion
Ras is a G protein that is isolated from rat sarcoma and binds GTP to continually sustain cell division in its activated form. [34] [35] [36] [37] The rasH2 mouse models used in this study were introduced to human c-Ha-ras proto-oncogene and spontaneously developed tumors in multiple organs, eventually dying at approximately 35 weeks. However, it is unlikely that tumors will occur before 33 weeks, and carcinogenicity tests can be conducted during this time frame. As conducted in this study, testing substances are usually administered to six-week old mice and observed for 26 weeks. Carcinogenic substances develop tumors during this period, and mice die as a result of its severity. 38, 39 Therefore, compared to common mice that require two years of follow-up for their carcinogenicity assessment, these mouse models may be assessed at approximately a quarter of the normal duration. Since this method of evaluation is highly sensitive and can reduce time and labor, it is mainly used for predicting human carcinogenicity for chemical substances and has already been approved by ISO. 40, 41 Moreover, rasH2 mouse models have also been recently used in carcinogenesis tests for biomaterials of solid implants. For example, the models were used in assessing the carcinogenicity of IC tags for human implantation. 42 In terms of MWCNTs, we have previously reported the use of subcutaneously implanted rasH2 mouse models. 43 This study is the first to report the use of rasH2 mouse to assess the carcinogenicity of MWCNTs that enter the circulatory system.
In evaluating the carcinogenicity of chemical substances, the positive control is an intraperitoneal administration of N-methyl-N-nitrosourea (MNU). Because its carcinogenic potential has already been established, the positive control group is not indicated. Moreover, even if MNU is administered intravenously, it does not show carcinogenicity and cannot be used as a positive control (Table  S1 ). On the other hand, there is no internationally approved positive control of nanoparticles such as MWCNTs. Currently, the safety assessment of nanoparticles is often performed according to chemical substances. [44] [45] [46] [47] Therefore, we did not prepare a positive control group for the intraperitoneal administration of MNU in this study. * * * * * * * * * * Figure 5 Blood count measurements. At the time of euthanization, blood was collected from the heart. In MCV and MCH, there were significant differences in the four MWCNTs groups and the vehicle group. There was no significant difference in WBC, RBC, Hb, HCT, MCHC and PLT. *P<0.05, **P<0.01. Abbreviations: MWCNTs, multiwalled carbon nanotubes; MCV, mean red blood cell volume ; MCH, mean red blood cell hemoglobin level; WBC, white blood cell; RBC, red blood cell; Hb, hemoglobin; HCT, hematocrit; MCHC, mean red blood cell hemoglobin concentration; PLT, platelet. Figure 6 Cytokine measurements (A-C). An anticoagulant was applied to the blood that was collected from the heart at the time of euthanization. After centrifugation, the plasma was extracted to measure the cytokine levels. Eotaxin levels were significantly higher in all four MWCNTs groups compared to that of the vehicle group. None of the other cytokines showed any significant difference. *P<0.05, **P<0.01. Abbreviations: FI, fluorescence intensity; MWCNTs, multiwalled carbon nanotubes.
Organ accumulation by the intravenous administration of MWCNTs showed clear macroscopic deposits in the pancreas of two animals in the high-dose group of thinMWCNTs. This corresponds to 3.2% of the 62 mice that were administered with MWCNTs. However, MWCNTs were not observed in the pancreas of other mice and other organs of all mice. Because these results were obtained from detailed observations of a single tissue specimen for each organ with an optical microscope, there is a possibility that MWCNTs could have accumulated in the pancreas and other organs of other mice; thus, this was the limitation of our research method in terms of assessing specimens. Regardless of this limitation, we observed that MWCNTs accumulate in the pancreas by intravenous administration, which is consistent with other recent reports. 48, 49 MWCNTs accumulation was only found in two organs in total, and an intravenous injection of 0.02 mg in the high-dose group and 0.002 mg in the low-dose group corresponded to approximately 0.7 mg and 0.07 mg per kg of body weight, respectively. This is a considerable amount compared to what has been reported in previous studies. 20, 21 The high dose corresponds to approximately 42 mg when converted to a 60 kg human, and such a high concentration is never introduced into the blood stream when used as a DDS. The high dose was determined in order to evaluate the maximum intravenously injectable volume of MWCNTs, and the low dose was set at 1/10 of that volume. In this study, sufficient dispersion procedures were carried out using technology that is considered to be the most current and advanced; thus, we conducted the experiment with minimal dispersion and aggregation, and we believe that there was less organ accumulation and damage than that of previously described experiments with intravenous administration. [50] [51] [52] Conversely, it can be said that MWCNTs can be used for DDS and imaging without accumulation in unintended organs, even if MWCNTs are intravenously administered using present-day technologies.
In the carcinogenicity assessment, there were no mice that developed tumors in the lung, thymus, spleen, stomach, and perineum in both the MWCNTs group and vehicle group administered with a solvent alone, and no statistically significant differences were found between groups. No occurrences of tumor caused by MWCNTs were observed in any of the organs. Tissue specimens showing tumors were examined in detail, but MWCNTs were not found in any specimens. In addition, tissue specimens were evaluated in detail in the pancreas of two mice that exhibited the presence of MWCNTs, but there were no tumors that were observed in either cases. Moreover, despite assessing the tissue specimens in detail for the two mice with MWCNTs in the pancreas, both showed no evidence of tumor occurrence. The carcinogenicity of straight thickMWCNTs has been problematized in previous reports. 53 Although curly thin-MWCNTs and straight thickMWCNTs were compared, no tumors developed after intravenous administration in our study. With the technologically advanced dispersion techniques that are available today, the fact that no occurrence of tumor was observed in the pancreas under the most stringent assessment using transgenic mice is an important finding, considering that the greatest accumulation is known to be found in the pancreas. [54] [55] [56] We found that the possibility of developing tumor in the body is exceptionally low, provided that intravenous injections of MWCNTs are kept under 0.7 mg per kg body weight and are sufficiently dispersed as conducted in this study.
In the blood examination, the MCVand MCH of red blood cells were significantly higher in the MWCNTs-administered group in terms of blood count. These changes have not been previous described in the literature and is reported for the first time in this research. 57 In addition, eotaxin, which is a chemotactic cytokine (chemokine), showed significant increase in the MWCNTs-administered groups. In addition to potent eosinotaxis, eotaxin has a wide range of effects that include the promotion of myeloid progenitor cell differentiation, eosinophil recruitment from the bone marrow, enhancement of adhesion between the eosinophils and vascular endothelial cells, degranulation, and active oxygen production, as well as serving as a "key player" in allergic inflammation. [58] [59] [60] This study was unable to clarify the mechanism that resulted in high MCV and MCH levels and increased eotaxin, in addition to their mutual relationship. Since these may be reactions that are particular to rasH2 mice, further studies are recommended for future research. On the other hand, there was no increase in white blood cell count and inflammatory cytokine, and persistent inflammation was not observed. In addition, there were no significant differences in other blood tests. We believe these results demonstrate the safety of highly dispersed MWCNTs entering the circulatory system.
Conclusion
As the most stringent carcinogenicity assessment for highly dispersed MWCNTs entering the circulatory system, an intravenous administration test was performed with transgenic oncogenic rasH2 mice for the first time. Although some mice exhibited an accumulation of MWCNTs in the pancreas, the incidence of tumors did not increase in all organs. We believe that it is unlikely that carcinogenesis will occur due to an intravenous administration of highly dispersed MWCNTs, even if the amount of administration is relatively large (0.7 mg/kg). The results of this study provide important information on the organ accumulation and carcinogenicity assessment in using MWCNTs as a biomaterial, such as when the material is translocated to the circulatory system by inhalation, when clarifying the DDS of the cancer treatment, and obtaining the imaging of the lesion.
Supplementary materials Figure S1 Method of intravenous administration of rasH2 mice. After sufficient sedation with inhaled anesthesia, a skin incision of approximately 5 mm was performed on the right cervical skin of rasH2 mouse to identify the sternocephalic muscle, which was displaced to the median side. The right external jugular vein between the sternocephalic and cleidbrachial muscle was verified, and tension was applied with traction to the sternocephalic muscle towards the cranial side. Under this condition, 50 μl of solution was injected with a 32G syringe while being cautious to minimize leakages. The figure shows the intravenous administration of thin-MWCNTs (high-dose). Abbreviation: MWCNTs, multiwalled carbon nanotubes.
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